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Model and small-scale field tests of high efficiency Anchors in '

tandem (plggybask) and in parallel hve been performed to evaluate the
feasibility of usi.ng anchors in combina'zion to satisfy expanded Navy "
fleet mooring requirements. The Navy has addeu two new classe~s of
moorings to extend fleet moring capability from the old aximum if,:
300,000 pounds (Class AA) to 400,000 pounds (Class BBB) and 500,000 pounds 7..
(Class AAA). In -addiLtion, thzere is int~resc wJithi~n the NAvy to provide - -

oorings in typhoon prevalent areas and for vessels in offtshore -rcas -;
subjected to la rge waves And high currents. These situations could -.-
creat.o loads substantially in excess of 500,000 pounds. This tentc pro&-""-
ram vAs sponsored by the Naval Facilitie-3 Engineeri ng Comm and (HAVFAC).".,

T'Chis report presents the results of[ model, tests in sand and in a '_
synthetic clay-like muerial withl 1/200l-scale models of a 6,O000-pound
STATO anchor and results of tests in beach sand with 200-pound STATO and
350-p..und DANFORW anciiors• Feasible rigging methods for using combina-
tions of high efficiency anchors which are compar.ible wt Ih Navy installa-
tion and ha ndling capability Are defined.

BACKGROUND..•-,--

4 ° ..

The Naval Civil Engineering Laboratory (NCEL) has completed a com -. •.•
%prehensive ocean test program to define c performance of drao, embed-_-'-

ment anchors at several sitea (Ref 1-5). Thse tests resulted in the - ,
development of iproved methods for predicting the parforance of drag ---
anchors in sand and mud seaf1oors (Ref 6-10) and in nethods for L~proving ..
the performance of Navy fleet mooring anchors (Ref 7) and oth~er cover-;.
cially available drag embedment anchors (Ref 6). ;

Some tests of tandem and pqrallel anchor arrangements with the "•;
STOCKLESS anchor were also performed during the NCEL cost program. Anchor
arrangements were found that were installable from Nvy anchor- handling
barges and that developed the full capacity of each anchor (Ref 11).

most Navy barges, tihe Navy's fleet mooring requirement, to Class A
(300 kip) in soft clay (mud), to Class AAA (500 kip) in sand. and to
Class BB (250 kip) in hard sol can be satisfied. This subatantially
increased the value of the large Navy inventory of STOCKLESS anchors and
reduced the need for anchor procurements;. Satifaction of the reaiing,
anchoring requirements must be accomplish~ed wit.h high efficiency anchors.-._

,4 : •*

singly and in combination.

NoI "
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An Analysi.s of high efficiency anchoring options for the t'e-mcinins
requirem~ent to 500 kips ond for pozsibl,_ requirements to 1,300 kips wasperformed (Ref 12). Tio analysis concluded chat fleet -oaring require-

nents through Clas;s AA may be feasible wich st.-uctural~y and .:
operAtionAlly Improved versions of the N avy 5TATO anchor in m-ultiples,"..
in siz~es to 15 kips, and th~at very high capacity moorings (to 1,300 kips) .'..may be feasible ith high e.fficiency anchors in pultiples, Ii szes to
30 kips. ou

Teoe multple (tande).p ana l edanchor rlggin arrangements that

oer found suitable for low fficiency Navy STOCLESS anchors rue nor,
necessarily suitable for high efyigenhy (high oripActy to anchor weight
ratio) Anchors, because hiSh efficiency anchors can b very s ens i.ve to
s Tefloor onditions and rigging rrangement. For this reason, a test

program to evaluate combinations of high efficiency anchors was initiated
at NCEL. This program considers anchor performance in sand ai.d soft -:
clay. Nodel tests with a 1/20th-scale model of a STATO anchor vere pre-

*, viously conducted in sand and results were presented in an interim report
(Ref 12). These tests are su--arized in this report And compared to the
results of the small-scale beach tests.

ANCICOR TEST PROGRAM

* Appr.ach '"4;2

Since the number of potential anchor rigging arrangements was lArge,
+odel testing was selected as the best nean- to rdy evaluate the
options. Small-scale field testing using anchors in 200 to 350 pound
size range would then be conducted as needed to further evaluate selected
options, define probable performance, and assegs the feasibility of these
options in full scale.

Laboratory model testing has been and continues to be an effective
tool to cor.duct extensive parametric evaluations of soil-anchor interac-
tion. Results have proven effective in guiding the design of anchors
because design changes an. sni1 property changes can bu made quickly and
the relative effects on anchor capacity can be rapidly assessed. The
British Admiralty has used model testing during preliminary design of
all ito bower cnd mooring anchors (Ref 13-15). Many other researchers "
(Ref 16-20) have used model testing to gain a better understanding of ,-.
anchor behavior, to develop prediction procedures and to enable design ".
improvements to existing anchors. -

Model tests were conducted in both sand and mud. Small-scale anchor
tests were conducted only in sand. These test data were sufficient to
determine feasible options for using high efficiency anchors in combina-
tions for fleet mooring applications. Prototype testing must be Gone,
however, before the optimum rigging arrangements are determined and the ."

preliminary options are used for fleet moorings.

Tandem and Parallel Anchor Rigging Options

The use of anchors in tandem is common in the offshore industry.
The standard tandem hookup used in the offshore industry will be referred
to in this report as the crown to shackle rigging arrangement; it is

2



shown by Figure 1 For t,%chors like the STATO where the anchor shan;k
does not procrude throut't the crown end of the anchor, the rear or piggy-
back anchor connects to) 1t. anchor crown. In this case, it is necessary
to block or wald apen th,7 front anchor flukes; otherwise, they will close -.
as the rear anchor assameA load.

Variation to the ct.wn shackle hookup were also evaluated. The
first is referred to as Lte. palm to shackle rigging arrangement • .,.
(Figure 2). Two conneetion points on the upper palm and two on the lower
palm were evaluated. A nhank to sha.klo riging arrangement, Figure 3,
was also evaluated. This -techod was first suggesced by Kliren (Ref 19)
and later tested in prot-rype scale with the STOCKLESS anchor (Ref 2).

The performance of tae tandem rnchor arrangements wes evaluated for
a range of anchor separatiins, from 0 to 8 fluke lengths separation,
Anchor sepration distances were noralized by anchor fluke length for

- etsy comparison to larger scale tests.
Twin-chain-leg Navy fleet moorings (A for eample) employ Anchors

in parallel, referred to in this report at the ground ring to shackle
arrangement, Figure 4. A variation of this arrangement which staggered
the anchors by using different chain lengths from ground ring to anchor
was also evaluated.

Test Anchors

Hodel Tests. One-twentieth scale models of a 6,000-pound STATO
anchor (Figure 4) were fabricated for the sand and mud model anchor
tests. The holed plate atop the anchor shank was added for the shank to
shackle arrangement. The anchor fluke angle was adjustable. It was set
at 32 degrees zer the sand rests and 50 degrees for the clay tests to
corrtspond to recommended angles for cite prototype anchor.

* Field Tests. Two anchor types were used during the small-scale
anchor tests on the beach at Port Hueneme. Two 200-pound STATO anchors
and three 350-pound DANFORTi anchors (Figure 5) were selected because of
availability and because ctese size anchors could be pull-tested with

S.- available equipmen. The fluke angle for both e.cst anchors was approxi-
mately 32 degrees.

Test Apparatus and Procedures -

by Hodel Tests - Sand. The sand test tank measured 9.5 feet by 2.5 feet

by 1.3 feet deep. Anchors were pulled using a wire wound around a capstan
which was driven by a variable speed motor. The test arrangement was .*..9

very simple but effective. The sand used was a dry, poorly graded,
medium density sand that was vibrated to a relative density of 65%. ""a

* 4 Densification was accomplished using a single vibrator clamped to the
side of the test tank. After each anchor test, the sand was thoroughly
disturbed and then redensified.

Miniatuze load cells (Figure 2) were sized to minimize their effect ,.,,f4
on anchor behavior. Load cells were placed at the shank of eaci anchor
so that for the arrangements shown, the forward load cell recorded total 1 I
anchoring load (two anchors plus connecting chain) and the rear anchor ,+ ..

" recorded single anchor load. Drag distance was measured using a deflec-
tion pot with a thin cable connected to the forward load cell.

3

4 77



.

The standard test procedure -gas as follows: The anchors were
draged fro=t - surface at one end of the tunk until the m.ximum holding
capacity for the particular configuration had been obtained. Then, the
shank pitch 4nd roll. Ct chAi-. Angle Ve14titve to tile sh~ank (chaia-:4h=nk..:.

Angle), and the shackle depth were recorded. Anchor loid and travel .

were continuowsly recorded by strip recorder. These data were later
dig.tized using a mL-rocowputer digitizer and processed for lacer pre-
sentation.

Model Tests - ud. The mud test tank measured 16 feet by 2.5 feet
by 2.5 feet deep (Figure 6). The load and deflection measurement systems
were the same as chose used in the sand test. Problems occurred with
the miniature load cells and only two were available during testing.
During the tandem tests, one load cell was placed at the forard anchor's
shackle and the other was placed at the forward end of the rear anchor
line. Tlhe capacity of the chain nod/or wire, forward of cite first anchor,
was noc metsured directly. It could, however, be inferred from tie single
anchor test results. Equipmtnt problems caused postponement of parallel
anchor tests in mi:d.

The mud test bed is a thixotropic material known as Laponice. It
was developed for use in paint products and hs cite same layered chemical
structure as a lleccorite clay. L.aponire w s selected for this test prog-
ran because detailed Analyses (Ref 21) of Laponte have shown chat its
behavior can be precisely controlled, it behaves like a clay, and once
it is disturbed, it regains strength rapidly. This last feature allows
tests to be conducted at a rapid race.

In determining the properties required for the test soil, rite fol-
lowing parameter is generally accepted as sufficient to ensure dynam.ic

(c/y) -(c/ylI):o

(c/y) prototype " ('-model

where c = shear strength
y - soil unit 4eisht.
B - characterisc length .,_

Based upon the performance of cite 6,00c-pound STATO prototype, the desired
shear strength range was 0 to 0.2 psi tor the model rest bed. As shown
below, this was achieved, and mixing and quality control procedures were
derived which allowed duplication of soil properties between tests. The
majority of tests were run in soil with an average shear strength of
0.1 psi. Figure 7 presents a typical strength profile. The upper value
at each depth represents cencerline strength in the tank.

The Laponice was prepared using deionized water and mixed at a con- -
cencration of 3% by volume. This resulted in a gel-like material with a
water content of about 1100%. Soil sensitivity, which is the ratio of
disturbed to undisturbed strength, was approximately 2. Soil strength
,was completely regained in less than 10 minutes after disturbance.

Before each test, a miniature vane device was used to determine the
shear strength at depths from 3 inches to 18 inches in 3-inch increments
at various distances across and along the tank. Anchor depth and orien-
tation were recorded at I to 2-foot intervals along the tank, while ten-
sion and displacement were recorded continuously.

4 a+ % ;.a*. . S -,



Smll-Scale Field Tests- Sand. Tests were performed on cite beach
at Port lluenzeo, which consisted of a poorly graded, fi.ne sand of medium
density. Sand compacted by wave actlon was avoided. tktailed soil prop-
ercy deterinactions were not made. For these tests, all chat was impor-
MEnn was thac the variAbUility of soil properties over the test area be

minor. This was generally confirmed by the consiscert performnce of .....-
single anchors to establ-sh standards for comparison of tandem and paral- .4%

lel anchor perfoarAnce.
Small land cells (sho-.n in Figure 2) were built to fit within the

envelope of 1-1/4-inch chain to prevent interference with the normal
anchor enbedoent process. For the tandem anchor tests, load ceills were
placed at the forward anchor shackle, at the forward end of the rear
&nchor line, and between the winch wire and cth chain EO the tandem
Anchor agse=bly. The contribution of the chain forward of the assembly
could thus be determined. In the parallel anchor tests, the load cells
were placed at the ground ring to record the total chain and anchor loads
for each anchor leg.

Anchors were pulled along the beach at about 2 ft/min for drag
dscat'ces up to 58 feet. 114cause of the structural limitations of the
anchor shackle and/or winch wire, the maximum allowable pulling load was
limited to 18,000 pounds. This limitation had to be applied to tests
with cite 350-pound DANFORTH anchor in some rigging arrangements. Anchor
dLsplactme:tc was visually recorded by observing the travel of a marked
line ateached to the rear anchor relative to a fixed point. Values were
marked directly on the oscillograph record. At te completion of each
test. the anchors were uncovered and anchor shank pitch, anchor roll,
anchor embedment depth, ind chain angle at the shank connection were
recorded.

RESULTS AND DISCUSSION

Model Tests - Sand

For comparison purposes, the holding capacity of a single |/20th
scale model STATO anchor with a wire mooring line was established as the
standard holding capacity; the value was 15.9 pounds. The holding capac-

4 icy of the various t.indem and parallel anchor arrangements tested was
then compared to the standard and referred to as the relative anchor
-capacity. This provides a measure of the effectiveness of the various .:':

anchoring arrangements.

-.- Crown-Shackle Arrangement. An example of the test results for a ,
crown-shackle rigging arrangement for anchors spaced at a distance equal
to 6.34 fluke lengths is presented in Figure 8. A minimum of two tests
were rur, for each setup. In this plot, rear and forward anchor loads
are individually shoun. Results are plotted as normalized single anchor
capacity versus normalized drag distance. Anchor capacity is referenced
to the standard capacity of 15.9 pounds.

Figure 8 shows that the forward anchor behaved as a single anchor,
developing peak capacity in a drag distance of about 8 fluke lengths. -

The rear anchor also behaved as a single anchor until it was dragged

U 5a - a -
44 .a a a.. .a...a-. aXz~~ *a.a.* 5  %~i* ~ '

t~a. *~* ~ ~ .a 4 ~ *. a. * a ..
%1 .-,,, , * * • . . • , • . . , . o .* .- " - - - " " .r . ." . * • . * .--,- . ." . ." , ." .° a." " ,. "** " ." ." .* ."



into the soil disturbed by the fo ard anchor. At that point, rear
anchor capacity increased substantially to where it was holding about
1.7 times the standard capacity (in this particular test). This in-
crease began &t aboat 8 fluke length. of drag which is approximrtely •Aequal to the distance beeen cthe anch or f~luke tips for a chain lngth."•.

equal to 6.341. (L - fluke length). In the disturbed soil, the rear
anchor penetrates deeper titan normal because bearing resistancl.es that
hinder embedment on anchor and chain are redoced. As embcdoent in-
creases in sand, the anchor capacity increases.

The effectiveness of the rear anchor in the crown-shackc jetup is
further illustrted in Figure 9. Rear anchor load as a percentage of .
the total tandem anchoring load is plotted versus nortwilized drag dis- .
tance for representative tests. All 42 tests plotted within the data
bound shown. After about 10 fluke lengths of drag, the rear anchor has
penetrated thi soil lAu.turbed by the forward anchor and its capacity
reaches a reasonably constant percentage of cite total load; the average
vns abour 602 for all spacings tested.

Summary results for the crown-shackle rigging arrangemeni. are shown
In Figure 10. These results are for the case where the rear anchor
penecraes the %oil disturbed by the forn.Ard anchor. The rear anchor
load cell could not be used for spacings less thatn About I fluke length;
only the forward.load cell which recorded total load was used. While
cite results show that the optimum anchor spacing is quite small, about .
1/2 fluke length, general use of such small spacings for fleet moorings
is not very practical because this vould require both anchors to be
handled simultaneously. There are conceivable situations, however, where
the added handling complexity could be outweighed by the added effective-
ness of tle close-spaced tandem arrangement. -: :"

The total relative anchor capacity approaches a conservative minimum
of 2.5 for an anchor separation of about 9 fluke lengths or more. At
this point, rile forward anchor is performing as an individual anchor and
the rear anchor is about 50Z more efficient than an individual anchor.
Practically, after an anchor separation of 2 fluke lengths, this minimum
is nearly achieved. , •;*

Palm-Shackle Arrangement. Four chain connection locations on the -
STATO anchor palm were used during testing, two each on the upper and
lower palm. The location had little effect on the results as shown in
Figure 10, where cte summary data were plotted and are compared to the
crown-shackle data. At small anchor spacings, total anchor capacity was
less, while at the 4-fluke-length spacing, the behavior was similar.
This method caused anchors to be somewhat more unstable during drag titan -"A
cite crown-shackle method. Since there are no substantial performance or
operational advantages with the palm-shackle method, it was not pursued -
further.

Shank-Shackle Arrangement. Test data are plotted in Figure It and "- -
compared to tle crown-shackle method. The distribution of load between
anchors was not consistent, particularly as the anchors' separation was
decreased. This was caused by the elevated chain-shank angle created as
the chain rode over the forward anchor palm. Rear anchor embedment and
thus capacity were reduced. Also, the forward anchor's stability was *,.

,,,* S ; . . \ . . . . . . - .. : - • . - ,. - , .. -.
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affected by slight off-line loading by the tear anchor which introduced
a rot ional moment at the shank connection point. The instability
worrened as the chain waa connected closer to tha forward anchor shackle.
This rigging method is more complex than the others evaluated, and since
thore seems to be no obvious performance advantage, it is not recommended.

Ground Ring-Shackle Arrangement. This method is schematically illus-
trated in Figure 12 as a guide to the results in Figures 12 through 14.

Ground ring-shackle summry test results are shown in Figure 12.
The separation of each ,xqchor relative to anchor fluke length was varied
from - 1, equals 0 (anchors side by side) to 3.4 fluke lengths (3.4).
At. L Q 0, the two anchors are less effective than the sum of two
individual anchors. In this case the total relative capacity is 1.75.
This equates to a 12-1/2Z system performance reduction caused by anchor
interference which causes the anchors to roll and lose capacitcy. This
behavior is illustrated in Figure 13 and shown graphically in t-e loeft
hulf of Figure 12. As the anchor separation in the fore and &ft direc- -.
cion increases (tL - ,2 increases), the total anchor capacity increasetb
and approaches a relative value of 2.5 at 1.1 - - 41.; this is a 43%
improvemen: in total anchor capacity corparcd to side by side anchor
performance. This maximum relative anchor capacity for parallel anchors
agrees with the minimum found foL the previous tandem arrangements; see
Figure 14. At L - L - '41., the parallel STATO anchors are separated by
about 2 fluke lengths (the shank length is about equal to 2 fluke lengths)
in'the fore and aft direction at maxdmum drag distance. At this separa-

tion, the anchors behave as a tandem arrangement wizh the forward anchor
eventually disturbing the soil and enhancing rear anchor capacity.

The lateral separation of test anchors was varied between 1.71.
(stabilizers touching) and 5L. The latter separation is roughly equal
to 50 feet for a 12,000-pound STATO. Fifty fear. is typical for twin-
chain-leg fleet moorings. The lateral separation did not affect test.-
results. Maximum capacity occurred when the anchors moved as close as
possiblt to each other.

Summarr - Model Tests in Sand. Of the tndem STATO anchor arrange-
ments evaluated, the crown-shackle arrangement resulted in the most uni-
form system performance. Neither anchor exhibited any tendency for
irstability, and each anchor developed at least its standard capacity,
the capacity it would have achieved if it had been dragged singly. This
arrangement resulted in a system capacity that was 25% more efficient
than the sum of two individual anchors.

Tandem anchor connection through the forward anchor tripping palm
or shank was generally effective; however, connection and/or installation
is more difficult and instabilities were sometimes noted in the forward
anchor. These methods would thus be field-tested only if the crown-
shackle method proved ineffective. ,....,

The ground ring-shackle or parallel anchor rigging method is
star dard for twin-chain-leg Navy fleet moorings. Results show that when
the anchors are placed side by side, the ultimate capacity of this system
is about 12% less than the sum of the individual anchors due to anchor
interference which causes anchor instability. Simply by longitudinally
separating the anchors by a minimum of 2 fluke lengths, the ultimate .
system capacity increases by about 40%.

7
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As shown, tandem and parallel model anchor system capaciLties can
exceed twice the capacity of an individual anchor in sand. This was
caused principally by enhanced rear anchor capacity as it was dragged
into the sand disturbed by the forward anchor. This finding should be
field validated because of the potential for substantial anchor weight
savings and because the potential higher system capacities must be con-
sidered wheA sizing mooring legs.

Small-Scale Field Tests - Sand

The details of the 28 tests conducted on the beach at Port lueneme
are provided in Table 1. Anchor and anchor system capacities, varioua
angle and penetration measuremepts, mooring line and anchor characteris-

tics, and keys to the measurements ore listed for comparison. Ten of
the tests listed were single anchor tests to define standard anchor -
capacities for comparison to tandem and parallel anchor tests. .

Standard Anchor Capacities. Four tests were rin with the 200-pound
STATO with chain; results are plotted in Figures 15 and 16. The lower
curve (test 6-17-83) in thtse figures was not used to determine the
standard capacity. In this test, anchor embedment was restricted by a
very dense sand/lravel layer. The standard capacity of the anchor alone
when dragged with a chain mooring line was 4,250 pounds. The standard
capacity of the anchor and chain system was 4,800 pounds. Two hundred
pounds of chain held almost three times ito own weight or roughly 3 times
what it held when dragged freely on the surface.

Of the four tests, the highest capacity occurred in test 6-20-83-01.
This test differed from the others in that the anchor flukes were fixed
fully open at 32 degr*- s. The other single STATO test anchors had freely
movable flukes. lisi flukes did open quickly but after the test it was
found that some sand was wedged between the anchor shank and the wedge
insert which controls fluke angle. This caused up to a 3 to 5-degree
added fluke angle reduction, resulting in fluke angles of 27 to
29 degrees. This, according to fluke angle test runs by Towne (Ref 22),
could be sufficient to cause the approximate 6% difference in fixed and
movable fluk* capacity.

Three cests were run with a 7/8-inch wire line to the fixed fluke
STATO anchor (Figure 17). The standard capacity of the anchor was
5,000 pounds. Tle wire provided little or no measur.able added capacity.
The standard capacity for the anchor-wire sysctm is similar to the capa-
city of the anchor-chain system except that cite load distribution is
different. These results differ sormewhat from the laboratory model test,
results (Ref 12). In the laboratory, the anchor-chain system held more
than the anchor-wire system because the chain disturbed the soil forward
of the anchor shank, and allowed deeper anchor penetration with resulting
higher capacity.

Three tests were run with cte fixed fluke DANFORTHI (32-degree fluke
angle) and results are presented in Figure 18. The standard or mean
capacity for the 350-pound DANFORTII is 12,500 pounds. The added capacity
from the chain was small, on the order of 500 pounds, or roughly 4% of
the total load. L-

8
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Tandem STATO Anchors. Tests were performed at tandem anchor .7.

spaci ngs of 0.92 fluke length (L), and 21, 5.IL and 1O.4L. Figure 19
shows the STATOs in tandem at a spacing of 2 fluke lengths. Tile summary * V-f

results of these tests are presented in Figure 20. This presents anchor
capacity, relative to the standard STATO capacity of 4,250 pounds, versus
anchor separation. At a relative capacity of 2, the tandem anchor system 1'- .!
would be as effective as two individually pulled, 200-pound STATO anchors.

Model test results are plotted for comparison. Generally, past 2 fluke
length spacing (2L), the results are consistent. Practically, the dif- t
ference at less than 2L is unimportant because this would nor be a
reasonable rigging arrangement for field use. The data show the positive
influence of the anchors on one another.

The performance gain of the tandem system is caused by two things.

The rear anchor chain provides a downward loading component on tle for-
ward anchor at close anchor spacing, c€uaing deeper anchor burial. At

greater anchor spacings, this component is less; thus, the forward anchor
contribution to system performance decreases. This is showo by the lower

portion of Figure 20. Once the rear anchor moves into the s.oil disturbed •.• ft

by the forward anchor, it is able to penetrate deeper with resulting -

higher capacity. This effect becomes more pronounced as anchor separa- A
tion increases because the rear anchor can behave more independently.

Figuce 20 shows the rear anchor 4ssuming a higher percentage of the

system load with larger anchor spacing. Figure 21 illustrates the effect
on the rear anchor as it moves into disturbed soil. At 5. IL anchor
spacing, the anchor fluke tips ar,1 about 7 fluke lengths apart. The

tandem anchor system achieved an initial maximum capacity at a drag dis-
tance of about 4L. Load then dropped off until the rt.ar anchor encoun-

tered the disturbed soil; then, capacity increased rapidly. For this
test, the capacity at the maximum test drag distance (161.) was more than

30Z greater than the initial peak.
Table 2 provides data which further illustrates the tandem system -.

behavior. The mean depth of embedment of the anchor crown was 5.1 inches

for a single STATO anchor. When used in tandem, the mean depth of embed-
ment increased to 7.25 inches for the forward anchor and 9 incites for
the rear anchor. The standard deviations, thus confidence level, for .

these three measurements were comparable.
According to the field as well as the model results, the crown-

shackle tandem arrangement using structurally improved STATO anchors
should be an effective rigging method. The system capacity should exceed

the capacity of the anchors if pulled individually. The system perfor-
ance gain could be up to 25% in sand. This would result in a 25% anchor ..:

weight savings.

Tandem STATO-DANFORTII Anchor Combinations. Several tests were per-
formed with STATO and DANFORTH anchors in combination to see whether the
tandem STATO results could be more generally applied. Two combinations

were evaluated, one with the STATO in front with the DANFORT! piggybacked
and one with the DANFORTIH in front (Figure 22). The stability charac-
teristics of these anchors is not tile same. The STATO is a more roll
stable anchor; it will maintain its maximum achieved capacity with drag.

f...., :
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The ,.)Y)RT1 anchor is a better penetrator than the STATO anchor in
sand and its center of fluke area and, thus, the center of pressure on
the anchor is nearer the shank-crown connection point. These charac-
teristics mean that the STATO should be more stable tian the WAUFORTHI
anchor. Table 2 shows te substantial difference between STATO and
DANFORTH anchor crown embedment depth, 5 inches compared to almost 18 *

inches for the DANFORTH. In sand, crown depth is approximately indepen-
dent of anchor weight for the same anchur type. Thus, the comparisons
for the different weighted STATO and DOAFORTI! anchors should be valid.
The difference in the centers of pressure for the two anchors is
reflected in the beta (0) angles also listed in Table 2.

The beta angle is the difference between the chain angle and the . .

shank angle. A 0-degree beta angle would mean that the chain was
directly in line with the axis of the shank and that the anchor's roll
axis was along the shank. As the beta angle increases, the center of
pressure on the anchor moves closer to the anchor fluke tip. This pro-
motes anchor stability. The beta angle for the single STATO was
8.9 degrees, while it was 5.1 degrees for the DANFORTI anchor. The
variation in beta was greater for the DANFORT . In tandem, the beta
angle for the iorward STATO reduced by over 3 degrees to 6.6 degrees.
This is due to the added external load by te rear anchor chain. No
measurements were possible with the forward DANFORTIi because of its rapid
roll, but it Is clear that its center of pressure would move up towards
the shank, reducing anchor stability.

The results of the tandem tests are presented in Figures 23 and 24
as plots of holding capacity versus normalized drag distance. With the
DANFORT11 in front (Figure 23), total tandem load was substantially less
than the single capacity of a DANFORTIH anchor. The DANFORTH rolled
rapidly at about 5 fluke lengths of drag, achieving less than half of
its single anchor capacity. The STATO in the rear remained stable and

achieved its single anchor capacity. It was not pulled far into the .. '.

disturbed soil caused by the DANFORTII. The vertical stabilizer for the
rolled DANFORTH is shown in Figure 25. With the STATO in front and the
DANFORT in the rear, the results were quite different. Both anchors .Z1,
vere stable and developed at least their single anchor capacities. The
test was stopped at 17,000 pounds of load because of safety considera-
tions, but load was still increasing.

Summary results for the combination3 are presented in Figure 26.
Total anchor load referenced to the standard capacity, which in this
case is defined as the total standard capacity of the two anchors, is

plotted against normali7ed drag distance. The performance difference is
extreme. This illustrates the need to ensure that the forward anchor in
a tandem arrangement is very stable. If the stability is questionable,
it may be necessary to overstabilize the anchor by increasing the lengthL
of the stabilizers to prevent roll.

These results in sand provide a picture of what might happen in a
mud seafloor with anchors in tandem. Anchor stability decreases with
soil strength and soil strength variation with depth. Anchors unstable
or marginally stable in sand will be unstable in mud. Results of the
NCEL test program (Ref 1, 2, 3, 5, 12) verify this. Also, the load

. .
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applied to the forward anchor by the rear anchor in tandem further exag-
gerates forward anchor instabilities. Anchors with demonstrated
stability, such as the STATO and BRUCE TS, will provide reason-le tandem
anchor options for mud and sand.

Parallel Anchors. The sum-kry results for all parallel anchor tests
are provided in Figure 27 with the model test results shown for compar- ,..-
ison. The field data became more consistent as the anchor fore and aft
separation distance iptreased. The model data were consistent throughout.
In the side-by-side condition, the typical twin-chain-leg Navy fleet
mooring configuration, the anchor capacity ranged from a low of 1.75
times the standard single anchor capacity to 2.3 ti es the standard capa-
city. With further dragging, cite STATO anchors would have continued to
come together, further reducing cite total capacity.

The two tests with cite DANFORTH anchors side by side are also shown.
This is shown as a -21. anchor separation in Figure 27. This allows com-
parison to the tandem tests where separation is measured from rear anchor
shank to orward anchor crown. Had all of thie side-by-side data been
averaged rather than just the STATO data, the curve would have been sig-
nificantly lower. Regardless, the sidc-by-side anchors do interfere
with one another; this interference is shown in Figure 28 for tie STATO
and DANFORTI anchors. These photographs represent the final or near
final positions of the anchors at ultimate drag. With a larger lateral
separation, the anchors would have achieved a higher initial capacity,
but the residual capacity at ultiate drag would be the same as shown by
Figure 27.

As anchor separation in the fore and aft direction increases, the
behavior of the parallel anchors approached tandem anchor behavior.
Figure 29 shows the performance of parallel STATO anchors at a ..

5.8-fluke-length spacing. The curves are si~ilat to those presented for
tandem anchors, as shown in Figure 21. Anchar and total anchor load
have almost peaked at 7 fluke lengths of drag. At that point, cite rear
anchor begins to encounter the soil disturbed by the forward anchor.
Total load then increases by about 25% to 10,000 pounds for this test.

When the rear anchor approaches the disturbed zone, it rolls down
into the trough created by cite forward anchor. This is shown by the .:
photograph in Figure 30. The optimum anchor separation is greater than . .
6 fluke lengths. In the laboratory, 2-fluke-length spacing was the
minimum required. The prototype value could be as much as a
10-fluke-length spacing. .'-

Summary - Small-Scale Field Tests in Sand. The field and model
test results for tandem and parallel anchors are summarized in Figure 31.
The field and model test results were generally in agreement; the trends
were quite similar except for tandem anchors at spacings less than 2 fluke *--

lengths.
The field tests confirmed that the crown-shackle tandem rigging

arrangement was an effective means of tandem anchoring for STATO anchors. '

System capacity was 20 to 25% greater than would be anticipated based on
the capacity of individually pulled anchors.
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SResults also showed that not all anchors are suitable for use in
tandem. "he DANIFORTI anchor which is less stable than the STATO-type
anchor became very ubscable when load from the rear anchor was applied
to the forward anchor. This caused system capacities far less than the
capacity of a single DANFORTH anchor.

The performance of anchors In parallel when side by side was quite
variable. The anchors eventually interfere with one another, causing a :
reduction in system capacity. By staggering the anchors, anchor Inter-
ferenee was eliminated and system capacity was enhanced by up to 15 to
20Z greater than the sum of the single anchor capacities.

At anchor spacings of Creater than about 6 fluke lengths, tandem -

and parallel anchor system capacities become similar. Both show system
capacities greater than would be expected from single anchors. The
majority of the load increase comes irom the rear anchor as it is dragged OF

into the zone disturbed by cite forward anchor.

Model Tests - Mud

Thirty-five single and tandem anchor tests were conducted in mud.
Summary results of these tests are given in Table 3. Fourteen of the
tests listed were single anchor tests which ware conducted to define
standard anchor capacities for comparison to tandem anchor results. • " '

Standard Anchor Capacity. Anchor capacity varied with soil shear
strength from a high of 21.6 lb at .2 psi to anout 10 lb at .08 psi.
Within cite desired soil strength range of 0.08 to 0.11 psi, anchor cap,-
city randomly varied S . 7 r.u 12.7 lb with n median value of 11 lb.
This value wag independent of mooring line typce which would be expected ,,
in a uniform strength test bed. The similarity in the holding capacity
of anchors with chain and wire lines is shown Li the lower half of "'a
Figure 32. Although anchor capacities were comparable, overall per- -.

formance was not. The mooring line altered the trajector7 of each
anchor, shown in the upper half of Figure 32. Anchor embedment was in- .
versely proportional to line size. The =aximum anchor embedment with ."."
wire vas actually determined by the tank depth atid/or the limited pull
distance available. -.:

The mooring line plays a significant role in anchor behavior and -

can provide a substantial part of total anchoring capacity. Figure 33
shows anchor plus chain capacity as well as anchor capacity. The chain .
provides 20 to 30% of the total load. This is comparable to what was
£und during field trials (Ref 1 through 5). Model anchor performance
also agreed well with the predictions made with cite NCEL anchor perfor-.
mance models (Ref 10) which were based on the field test results.

The anchor performance model for cohesive soil ic based on slip .
line theory where:

11 SNA .

c u C

where 11c  anchor holding capacity (ib)

S soil undrained shear strength (psf)

N anchor holding capacity factor (dimensionless)

A = anchor fluke area (ft')
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The holding capacity factor, N, cwas determined through prototype "7J
testing and it varied widely between anchor type (between N - 4 to 15)

but did not vary appreciably with anchor size for each anchSr type.
Analysis of Navy field tests of the STATO anchor results in we selection -

of N - 13 which represented the median value. The median value for the
singie =odel STATO anchor was 11.8. The standard deviation fqr the
14 tests was only 1.5; thus, model .inchor performance was unifer=. The
laboratory and field test data agree quite well, therefore, tandem anchor
performance should be reasonably representative of field perfor=nce.

Tandem Anchor Capacity. Seventeen tandem rests were conducted with
anndem anchor spacings of 0.67 fluke leAgth (.) to 8.L with various

size mooring and anchor separation lines.
Initially, it was intended to use a wire mooring line and then vary

the separation line type and length but this proved impractical because
of the unexpectedly large tandem system penetrations that occurred. Tito
anchors rapidly penetrated to the bottom of the tank, thus. maximum loads
could not be defined. Figure 34 shows the trajectory of two tandem
anchor systems with a tandem spacing of 0.67L. The steepest trajectory
occurred with the wire mooring line - large chain separating line system
(rest 8-11-83-01). The change to a large chaia mooring line caused a
slight dtcrease in the trajectory slope but still it was not acceptable.
The trajectories of a single anchor with wire and chain mooring lines
are shown for comparison. The difference in single and tandem anchor

" trajectories dramatically illustrates the potential effectiveness of
tandem anchor systems composed of stable anchors.

To properly evaluate tandem anchor system behavior it was necessary
to eliminate tank depth as a variable. This was done by increasing the
size of the mooring line to reduce anchor system penetration and to

.. ensure that the system achieved its maximum penetration depth without .
encountering the tank base. This was accomplished by using the large
chain doubled between the wire and forward anchor. Resulrs of a typical
test are shown in Figure 35 where tandem anchor spacing was 5.2 fluke
lengths. Thte single test shown for comparison in Figure 35 used the
same double large chain - wire mooring line as used in the tandem test.
the In this test, there was very little difference in the trajectory of
the forward anchor. This was typical when tandem anchor spacing exceeded

.4about 5 fluke lengths. The influence of the rear anchor on the forward

anchor diminishes with anchor spacing.
With the doubled large chain mooring line segment, peak anchor sys-

tem load was achieved before the anchors reached the base of the tank.
-.. line makeup at different anchor spacings is shown in Figure 36. Although

. "trajectories and load distribution between anchors was different, tot3l
load measured at the forward anchor shackle was not. For comparison,
two other curves are presented. The relationship for the tandem system
with wire mooring line is comparable to the ochers shown even though its.".

embedment and trajectory (refer to Figure 34) were considerably greater.
The single anchor capacity peaks at about 12 1b, less than half tandem
capacity.

13
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Summary data for all tandem tests with the doubled large chain
mooring line segmenc are shown by Figure 37. This shows total anchor
load relative to total standard load versus anchor separation. From
this figure, it Is clear that two anchnrs in tandec can be more cti-
clent than individually pulled anchors. The improvement ranged from 10
to 5OZ. Also, it did not make much difference what the anchor separa-
tion was or what separation line was used; resulcs fell within the same
ogcneral band.

Anchor roll was monitored during tests. For these cests, the
minimum roll occurred at about 5 fluke lengths spacing which coincides
with the same spacing where maxiaum system capacity typically occurred.
This is shown as the apex of the test band in Figure 37. As anchor
spacing decreased, the rear anchor tended tn roll more than the forward
anchor. This reversed as anchor spacing increased beyond 5 fluke lengths.
It is unclear at this time whether this was caused by anchor interfer-
er.ees o. variations within the test tank.

Summary - Model Tests In Mud. The performance o the model anchors
agreed well with performance predictions made with the mathematical model
developed from NCEL's field test program. This significantly Improves
the credibility and extrapol.atabiLity of the nodel tandem Anchor tests.

In the unifqrm soil test bed used in , program, single anchor
capacity was reltively independent of anchor line type and size. low-
ever, anchor trajectory was signiiicantly affected as would be expected.
Anchor embedment depth was inversely proportional to anchor line size.

Tandem anchor systems rigged with the crown to shackle ,ethod were
effective in the soft test mud. System capacity was 10 to 50Z greater
than could be expected based upon the performance of individually pulled
anchors. System capacity was not very sensitive to mooring line type
and anchor spacing. ... -

The tests clearly show that the crown-shackle, tandem rigging tech-

nique with STATO type anchors is feasible and deserves prototype evalu-
ation. -.,

CONCLUS IONS AND RECO.IVENDATIONS-.-
The primary goal of this investigation has been to evaluate the r

feasibility of using anchors in multiples to satisfy expanded Navy fleet
mooring requirements. Feasibility has been established with the identi- -..

ficacion of effective tandem and parallel anchor rigging methods and
stvitable anchor types. Anchors in tandem and in parallel can be arranged
to achieve system capacities that exceed the sum of two individually
pulled anchors. This increased performance averages 20% co 30% and is
directly related to potential cost savings ix' anchor procurements. In
addition, the ability to use small anchors in muitiples to develop capa-
cities equivalent to much larger single anchors means that the Navy's .'
overall anchoring capability has the potential to expand without an in-
crease in the Navy's handling assets. ""

Prototype evaluation will be required to validate and calibrate the
lab and small scale field results to enable safe mooring leg design
before these systems are used for fleet moorings. Extrapolation based '

.%
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upon the present rest data to prototype performance for anchor stes
cha could approach 15,000 to 30,000 lb wuld have to be highly con-
servative. Also, installation and recovery procedures (or these high L
performance anchor syscems must be defined to ensure that the luscalled
systems function as intended and chat they are retrievable.
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lable 2. Pecrort.:ice C rAccericcics of Test Anchrs"
Dur ng Dech Tes;tsc ".

:-,.

(Refer co T1ble 1)

al.1tive Chain Angle, 0 Ndes;) Anchor Crou.nEmbedmenc, -
Anchor Nbr of

DCc Points, d Svicln, n s•

Single STATO 15 8.9 1.77 10 5.1 2.36

Single DiANFORTiH 7 5.1 2.2 6 17_? 5.6

Tandem STATO 7 6.6 2.7 5 7.25 2.33
- forward anchor

Tandem STATOa  5 6.7 1.5 5 9 2.9
- rear anchor

,* ,

Value ac 0.92 fluke lengch. Anchor is noc includcd; Lc Is :iuc ** .-.
considered represenccive.
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REPRODUCED'AT GOVERNMtNr FXPENSE

Table 3. Summary Data for Wodil STTO Tastsl in A.z4

I r~ Sail 4
Peak Load (0b,) flldin, Anchor 1. AMchr 2 Anchor

Test a capacity - -- rSc4 at -
TCal No. lt PeAk Strength 1)ctor p : "

A a (in.) (att) (10.) (eg) (Fluke .

5t-,9-53-i I -;- -, :,. 9 .2 9.9 S2 rO,51 ... .6 - "

.11.5 .1 9.9 16 11.75 ---
.-53l1 I 10.3 8 .0, 12.05 -.4 7.4 14,

-02 9.7 a .076 11.8 -37 6.6 14
-01 11.0 8 .08 12.8 -26 7.25 14

11.0 8 .03 12.9 ft45 S.& 16

-uS 11.0 10 .075 13.6 -11 13.33 20

10.5 8 .06 12.3 -19 11.75 1d

-6,41,01 22 6 .11 9.3 -21 19.75 .0 -26 21.5 13 0.67

2 32 10 .115 13 -I 19:25215 -46 21.9 .10 0.67A-1 1-MAt-01 Sing~le 6.8 .074 10.6 -.46 6,.75 17•

". / 12.5 6 .099 12.3 -"7 7.9 11
-,;10.6 i-) .09 it -19 ,4.5 .7

-114-t TANCn, 23.6 10 oM5 13 7 12. 4 .6 -35 15.5 1.5

19.5 6 .05 11.4 -.3 8.5 19 7 2 2s

-7.6 10 .096 13.5 60 10.75 1 -10 12.4 -3 2.. ..

26.5 10 .093 1 :.3 -as 6.0 11 -4 1:.8 2 1. .

25.2 is 1o .1 13.2 -29 9.5 ' - 1 15.5 19
"04 26.8 10 .1 12.5 -23. 9.5 1 -36 15.1 16 S.?

32.9 10 .10 14. 2 -39 9.5 .0 -7 16.5 1s

28 11.4 a .1 13.1 51 6.6 i4 -55 13.9 1.0 &.1 *

-1.2 5 .1 12.9 29 6.9 is -31 1t.2 16

30 a .1 1. 37 7.2 15 -36 15.1 16 toS.-,
28. 8 .095 14.5 -2 7.9 0 -50 14.6 14
28.3 14.2 8 .1 13.2 -5. 8. 12 -27 16. 18

32.1 a .09 16.6 -56 6.4 11 -. ,3 12.1 17

-31 24.5 .1 11.4 -90 7.6 15 -26 9.8 19 2."

2', 6 .091 12 -80 8.0 14 -48 9.6 21

-H -- l 32.4 10 .115 13.1 -63 7.5 14 -31 16.6 17 6.6
26.9 10 .115 10.9 -18 7.6 21 -15 15.3 15

25.5 16.3 10 .117 10.2 -10 7.5 is 12 14.9 15

9-1-3-03 Single 20 23 8 .16 11.7 2 10.8 40

0 12.1 16 10 .11 10.7 ,9 19
-01 1 17 a .125 11 -27 8 15

- o,,Lr capaci.y/S x fluke area; for tandem ecs, te average value of It Is iws ."
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REPRODUCFDAT GOVERNMENT EXPENSE

"%r - TATon 7e~s In 1u4

A~~rAnchor Koring Line Ot4uLcristcs Equfivalcnt
-$ Soparation, -M._ooring Line Diameter

i.) '.Anchor I Anchor 2(i.

Lc=n ;ihs, 1.) 1 -++ A - Sn=11 chain 0.384 2-1 .....
. ... ..... l27 in.l". .. ,

'irt (0)1271 - chain (A)
I --- I - L~rc chaIn 0.626 3-i2-1l-

V. t irc (W)ilr " - chain (M) -- 7 In-I

C' " - 1ArrG chain 0.946 5-1/2-I -
Uirc ()"""" doubled >" .-

. i Wlr (DIZ ..... 127 in.I"....*

; 9.." - u7rc (D) P - Wi.rMC 1-7/8-I t .

-- . 13 0.67 t( -)27" - ch (1n) .. tvA1Cnt to 1/2 %hot chain.
V 0.67 Wire (1.17" - chain (IS) 1T" - chAin (11)

W Ira ()1271" - hai' M.

" ' 0 1.8 7.1 - chain (M)

2 .. 2 91" - chAin (1)

1, 2- ( ) M

l', . 1$.%@.1 8. 3311 ch~iin (A1)

I in 5.2 21" - chain (A)

-. .I 1 o 2.21" " chain (A)

- If o 17 6.6 27" - wire (D)
"i, n.h 15I

I.' 1J.. *, 15 1

4,.. V

LL3 ~ ~ uco

2I

~ ~D2
anchor 1 ,, 1x4 2

anchor 2

.' ' .- .a * * 5.... - / ':""*
. a

S A1*L +. .- a
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REPRODUCED'AT GOVERNMENTEXPENSE

EquLvalent
__________~__________~_ _ oring Line DiLsectr Proto.ype4-;.'.. .~l , IAnchor 2 (in.) .2- / I,

*.-a- - 2 ."- -

'a j iJra bl hl A -

" LArp chain 0.626 3-1/2-In. chtin

- h127 in.1"

"1" C - Large chain 0.946 5-1/2-In. chain"""- doub l d
IcLIL Eli.....(27 In.J'

27- (t) O re 0.09 1-7/8-in. wire

Wirt L h 27" chain M *quivvlent to 1/2 :hot chain.

7.4h" chain S)
1."- Ct in -)

*"33" cha n () ..

21" - chain (Al)

be .. *can(. ).-

33" - chain (A) .

271" - whie (D)

IDI

16" - chain CA) "'""

"2 " - ',tre C) It,-'

anho 2ico

2

4jachr ......- " "..

mco( or* '

• .,*, e.-- . c o-2 " -a",. ,, *,,

... c e e ~a ~ ! X ~ ~ c-.--- - -:.• . **,-.- .-. .. -. , . ..o .. ... .-.-. '. . .. . . ~ ." r'. ... ... .. , ,'.- 
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Figure 1. Tandem anchors - crown to shackle rigging method.
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Figure 2. Tandem anchors -palm to shackle rigging meth~od. ".
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Figure 3. Tandem anchors - shank to shackle rigging method.
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(a)~~ Sieb ie

(b) Staggered.
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(b) 200-lb DAFORT anchor.
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Figue 5 Ancorsuse durng mal
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S.

Shear Strength (psi) for Ilorizontal Distance

Depth of Anchor Travel in Tank (ft)--
(in.) --

0 1 2 3 4 6 8 10 12

3 0.09 0.11 0.09 0.10

6 0.10 0.10 0.10 0.09 0.09 0.09 0.10

9 0.10 0.09 0.09 0.10 0.09 0.10 0.10 0.11 0.10 "

12 0.10 0.08 0.10 0.10 0.10 0.11 0.10

15 0.10 0.10 0.11 0.12

18 0.11 0.12 0.12

Figure 1. Typical test tank shear strength profile C .-.

(Test No. 08-16-83-02).
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* Figure 24. lHoLding capacity versus drag distance - STATO with DANIFORTI." I
* s tandem anchor. ''
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(b) Parallel DANFORTH anchors.

U-Figure 28. Parallel anchors - side by side - illustrating anchor inter-
ference during drag.
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N 0

1$ :-.- i -

I S.)

4-9-63-02, 0- 0 S=11 Chaitn 0.334 2-114-In. chai1n

A- -& Large Chain 0.626 Cha

* 127 in.) 1 
-

4-10-43-05 0- 0 Ur 0.094 i-718-In. wIre

8-11-8)-0l L~Lrge chain 0.96 5-l/2-In. chain
doubled121 In.)"'..

&Equivalent to 1/2 shot chain.

4I I i I I I•" "-

12
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: 4 .a- * * ... -. a . . .
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Figure 32. Performance of single STATO a nchors with different mooring "': --
lines in similar: strength mud....-.'
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Figure 33. Single anchor tests in mud, showing load carried by cha '

portion of mooring line. . .*.
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